Experiments with a small amount of Ar gas injection as a trace impurity were conducted in the Korea Superconducting Tokamak Advanced Research (KSTAR) H-mode plasma ( = 2.8 T, = 0.6 MA, and = 4.0 MW). 170 GHz electron cyclotron resonance heating (ECH) was focused along midplane with fixed major radial position of = 1.66 m and scanned its power from 0 to 800 kW. The emissivity of the Ar 16+ (3.949 Å) and Ar 15+ (353.860 Å ) spectral lines were measured by the X-ray imaging crystal spectroscopy (XICS) and vacuum UV (VUV) spectrometer, respectively. The peak emissivity of Ar 15+ was reduced by ECH, an effect largest with 800 kW compared to 600 kW of ECH. The Ar 16+ emission increased with higher heating power. The ADAS-SANCO impurity transport code was used to evaluate the Ar transport coefficients. It was found that the inward convective velocity found in the plasma core without ECH was decreased with the ECH, while diffusion remained approximately constant resulting in a less-peaked Ar density profile. Theoretical results from the NEO code suggest that neoclassical transport is not responsible for the change in transport, while the microstability analysis using GKW suggests a dominant ITG mode during both ECH and non-ECH plasmas.
Introduction
Impurities can have a detrimental effect on routine tokamak operation due to a number of reasons including core fuel dilution and radiation cooling. However, well-controlled injections of gaseous impurities can enhance the radiation near the divertor and therefore reduce the heat flux striking the plasma facing components. Controlling and understanding where both the intrinsic impurities, such as tungsten, and the injected impurities radiate their power and accumulate is therefore an important and critical issue for ITER and future fusion reactors. Previous experiments using auxiliary heating such as ECH or ICRH have observed reductions in both the concentration and accumulation of impurities in the plasma core [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In particular, our previous KSTAR experiments in L-mode plasmas demonstrated reversal of Ar impurity pinch direction by ECH [11] . More recent studies have made progress in the understanding of core impurity transport by including the centrifugal forces exerted on the heavy impurity ions [12, 13] , and also by laying emphasis on MHD behaviour [14, 15] . However, there is still no clear explanation on the mechanisms involved in the changing transport induced by auxiliary heating, particularly the operational condition required to induce an outward convective velocity and thus hollow impurity profiles in the core.
Effects of ECH on impurity transport are investigated in this paper by analyzing trace Ar gas injection experiments whilst scanning the ECH power in KSTAR H-mode plasmas. Ar transport coefficients have been determined by SANCO [16] impurity transport code with measured Ar emission by spectroscopic diagnostics. Analysis results using neoclassical calculation by NEO [17, 18] and gyrokinetic simulation by GKW [19] codes are presented to provide theoretical understanding of the role of ECH on the transport and core accumulation of Ar impurities in the H-mode plasma.
The paper is organized as follows. In section 2, the experimental condition and Ar emission measurements are described. Section 3 presents the analysis of Ar transport coefficients by SANCO and results from section 3 are compared with neoclassical and turbulence impurity transport calculations in section 4. Finally, a summary is followed in section 5.
Experiment description and measurement results
Experiments in KSTAR H-mode plasmas with 0.6 MA of plasma current, 2.8 T of central toroidal magnetic field and 4 MW of NBI power were performed to investigate the effect of ECH on the Ar impurity transport. Two plasmas with an ECH power of 600 and 800 kW (Shot #10649 and Shot #10640, respectively) are compared to a reference plasma without ECH (Shot #10647). For both ECH plasmas, the heating is focused on Z = 0 (mid-plane) and R = 1.68 m (which corresponds to / = 0.3) with 170 GHz ECH. The exact heating position and the shape of plasma are shown in figure 1. Figure  2 depicts the temporal behaviour of the following plasma parameters for the non-ECH and 800 kW ECH cases: the plasma current, the line-integrated electron density, the core channel of the electron cyclotron emission diagnostics for the electron temperature, and the Ar 15+ line-integrated emission. For each discharge, a trace amount of Ar gas was injected at 4.5 s during the plasma current flat-top phase by a piezo electric valve gas injector installed at the mid-plane. The duration of the gas puff was about 30 ms, corresponding to injecting approximately 10 18 Ar atoms estimated by a calibrated gas flow meter. This trace amount of Ar impurity gas perturbs the plasma parameters, particularly electron density and temperature, by less than 10%, but is enough to significantly perturb the intrinsic Ar line emission to separately determine the diffusion and convection transport coefficients [20] . ECH is applied at 0.5 s before the Ar injection allowing sufficient time to establish a steady electron temperature profile which is a condition for analysis of impurity particle transport. The time evolution of electron temperature in the core shows that there is no sawtooth behavior in every discharge. The radial profiles of electron temperature, electron density and ion temperature for each discharge are presented in figure 3 . Electron temperature and density profiles were obtained from the Thomson scattering diagnostics and ion temperature profiles from charge exchange spectroscopy (CES). All profiles are averaged within the time-window of interest corresponding to the yellow shaded region in figure 2. At 5.0 s, the NBI is off for 10 ms and therefore measurements from CES are not possible. Edge localized modes (ELMs) are always present, however they have a negligible effect on the time-averaged plasma profiles and the core Ar transport. Figure 3 . The radial profiles of (a) electron density, (b) electron temperature, and (c) ion temperature for non-ECH (blue), 600 kW ECH (black), and 800 kW ECH (red).
Line emissions from the injected Ar ions have been measured using a vacuum ultra violet (VUV) spectrometer (130-600 Å) [21] and an X-ray imaging crystal spectrometer (XICS) (3.93-4.00 Å) [22] The measurements indicate that ECH reduces the peak emissivity of the Ar 15+ emission and increases the Ar 16+ emission. This trend was stronger with higher heating power. One should be cautious of immediately interpreting the changes in Ar line emission as a change in Ar transport because of the electron temperature and density dependence of the measured line emissivity which is calculated by: Figure 5 . Photon emission coefficient of (a) the Ar 15+ 353 Å and (b) the Ar 16+ 3.95 Å versus electron temperature and density where is the electron density, is the density of Ar with charge state , and the is the photon emission coefficient from state to which is taken from the Atomic Data Analysis Structure (ADAS) [23] . The of 353.860 Å Ar 15+ and 3.949 Å Ar 16+ are presented in figure 5 . These results show that the of Ar 15+ is inversely proportional to and while the of Ar 16+ exhibits the opposite behaviour, which is also consistent with the measurement result shown in figure 4 . In reality, the difference in emission is a combination of both the change in impurity transport and the response of the emission to the change in the plasma equilibrium.
Ar transport coefficients and radial distributions
The 1.5 D radial impurity transport code SANCO, which is included in the fitting analysis code UTC [24] , has been used to compare the measured evolution of the line-integrated Ar emission with a synthetic profile dependent on the radial Ar transport coefficients. SANCO solves the set of continuity equations for every charge state of the impurity ions:
where and are the density and the particle flux of the impurity ions, respectively. The term includes the ionization and recombination coefficients from ADAS connecting neighboring charge states. The particle flux is usually expressed by the following ansatz consisting of two terms, a diffusion coefficient ( , ) and a convection velocity coefficient ( , ):
Transport coefficients ( , ) and ( , ) are assumed to be time independent since the main parameters of the plasma were approximately stationary during the analysis time window shown in figure 2. In addition, SANCO has a simplified edge model [25] containing a recycling coefficient and a parallel loss term. However, the edge model was turned off for this analysis because a peripheral Ar line measured by the visible spectrometer system was used to characterize the neutral influx. The aforementioned two Ar lines were used for determining the transport coefficients. First, SANCO calculates radial density profiles of each ionization stage with the initial assumption of and . The time evolution of Ar line emission can be modeled by equation (1) with time averaged and from figure 3. EFIT magnetic equilibrium profiles were used for the line integration process of local Ar emissions along the line-of-sight. The values of ( ) and ( ) were then adjusted iteratively by the least squares fitting code UTC until the synthetic emission reproduced the measured spectroscopic data with the minimum values of reduced 2 close to unity in accordance with the experimental error bars. The absolutely calibrated measurements from the VUV spectrometer system on KSTAR provided a constraint on the prescribed Ar particle influx inside the last closed flux surface. On the other hand, the XICS system which measures Ar 16+ line has not been calibrated absolutely, so it provides only relative intensities. Therefore, a normalization process has been conducted to derive the transport coefficient from XICS data.
The best fit results of the three discharges are presented in figure 6 . Each column shows non-ECH, 600 kW ECH and 800 kW ECH cases from top to bottom. Red lines are SANCO calculation result, and black bars indicate corresponding spectroscopic data with measurement errors. The determined ( ), ( ) and peaking factor ( )/ ( ) are plotted in figure 7 . The main effects of ECH on transport Figure 6 . The SANCO analysis results for non-ECH, 600 kW ECH, and 800 kW ECH. Red curves represent the SANCO simulation result, and black dots with error bars show Ar emissivities of (a) the Ar 15+ and (b) the Ar 16+ lines coefficients can be seen in ( ) within / < 0.4, where is the minor radius of the plasma. When applying ECH power, the magnitude of the inward convective velocity ( < 0) was decreased in the region of / < 0.4. This trend was enhanced with higher ECH power. It is also noted that the direction of convection remained inward with ECH, which is significant since ECH is often reported as a means for reversing the pinch direction from inward to outward in many tokamaks [3, 4, 7, 9, 11] . On the other hand, ECH caused a small increase in ( ) across the plasma radius; however this was within the error bar. This weak modification of ( ) by auxiliary heating has been observed as well in other impurity transport experiments [10, 26] . The peaking factor ( )/ ( ) follows the same trend as ( ) in the region / < 0.4 close to the heating position. Using the transport coefficients detailed above, the time evolution of the total Ar density profile integrated over the plasma volume was calculated by SANCO for each discharge as shown in figure 8 . Every discharge shows that injected Ar particles were peaked in the core around 0.3 s after gas injection at 4.5 s, regardless of applying ECH. At the time of peak accumulation, shown by the white dotted line in figure 8(a) , the total and charge state Ar radial density profiles are presented in figure  8(b) . The dominant charge state of Ar was He-like Ar 16+ (magenta curve) and was present across the plasma radius, while H-like Ar 17+ ions (blue curve) existed mainly in the core and Li-like Ar 15+ ions (green curve) were distributed in the edge. Although a hollow Ar density profile was not achieved similar to the previous L-mode experiments in KSTAR [11] , the Ar density and its gradient in the core was reduced with increasing power of ECH. 
Theoretical impurity transport analysis
The SANCO Ar impurity transport coefficients derived in the previous section are compared with neoclassical and turbulent predictions calculated using the local drift kinetic code NEO and the local flux-tube gyrokinetic code GKW. Plasma rotation obtained by CES measurements was also used in the calculation. The particle flux in both codes is calculated for a trace impurity Ar 16+ because it is most abundant across the plasma radius as shown in figure 8(b) . Figure 9 shows the neoclassical transport coefficients for the non-ECH and ECH cases. For every case, the neoclassical diffusion is 3-10 times smaller in magnitude compared to the SANCO diffusivity. Unlike the experiment, there is also little change in the neoclassical convective velocity within the plasma core. In conclusion, neoclassical transport cannot explain the experimental observation, and therefore turbulence analysis was performed to interpret the SANCO results. Local flux-tube electrostatic calculations at / < 0.3 (where / = 0.3 is the ECH target location) have been conducted using the input parameters listed in table 1: the logarithmic temperature and density gradients / , / , and / (where is the major radius), the toroidal rotation gradient ′ , the safety factor , and the magnetic shear . The most significant change in the plasma equilibrium caused by 800 kW ECH is an increase in / and a decrease in / while / and ′ slightly decrease, as shown in figure 3 . To simplify the analysis, the ECH cases are divided into two cases: Case I taking only temperature changes into account, and Case II considering all changes listed above. In the GKW simulations, the electron temperature gradients obtained by electron cyclotron emission (ECE) diagnostics were used instead of the measurements from the Thomson scattering system because of their higher spatial resolution. The and factors were measured by the motional Stark effect (MSE) diagnostic system. The results of the GKW analysis for the non-ECH and ECH Case I and II are illustrated in figure  10 . Figures 10 (a)-(c) show the linear growth rate γ, the mixing length γ/ 2 (which is used to estimate the value where the transport is maximum in the nonlinear saturated state [7] ) and the mode frequency ω spectrum, respectively. Applying ECH causes a decay in the growth rate over the wavenumber range of = 0.1 -1.0 and a change in the peak position of γ/ 2 . In all three cases, ω > 0 and the unstable modes are therefore rotating in the ion diamagnetic direction. Therefore, ion temperature gradient (ITG) modes were most dominant during the experiments, regardless of ECH. This result is also consistent with other experiments which reported negligible change in the impurity diffusivity when ITG remained the dominant mode after applying ECH [26] and ICRH [10] . It is also noted that the experiments that observed a significant modification of diffusion with additional heating also reported a dominant mode transition from ITG to trapped electron mode (TEM) [6] or a reversal of the propagation direction of the most unstable mode [7] .The turbulent Ar 16+ peaking factor is evaluated with GKW using the quasi-linear approach described previously [27, 28] which showed good agreement with non-linear gyrokinetic simulations [29] . However, in these previous cases, the analysis focuses on estimating the low field side peaking factor to correspond to their experimental (charge exchange) measurements. In this analysis, the transport coefficients were deduced from (midplane) line-integrated measurements and therefore represent flux-surface averaged quantities. Due to the heavy mass of Ar, there is likely a significant poloidal variation in the Ar density distribution [28] , meaning that the flux-surface averaged and low field side gradients are not equal.
To calculate the flux-surface averaged peaking, firstly two trace impurity species, each with different (arbitrary) radial gradients, are included in the gyrokinetic simulations. It is important to provide these two trace impurities with accurate temperature and toroidal rotation gradients to correctly account for changes in the associated particle flux caused by centrifugal effects [30] . The diffusion and convective velocity coefficients are then respectively calculated as the gradient and yintercept of the line
where ⟨ / ⟩ is calculated internally by GKW for both trace impurity species and provided as an output. The individual contributions to the peaking factor / from thermo-diffusion [31] , rotodiffusion [32] , and pure convection [33] can be determined by including two additional trace impurity species, one with ′ = 0 and the other with / = 0.
The peaking factors and individual contributions are shown for the three cases listed above in figures 10 (d)-(f). The shaded regions indicate the value of associated with the dominant linear mode. In all three cases, the peaking factor is determined by the balance of the inward pure convective term and the outward roto-diffusive term, while thermo-diffusion has a negligible effect on the peaking factor. For the non-ECH case, the theoretical peaking factor is approximately 1.6 m -1 , which is within the experimental prediction of 2.65 ± 1.14 m -1 . Although the theoretical peaking factor is found to decrease to a value of about 0.8 m -1 in Case I, where / is increased and / is decreased, it is not found to agree within the experimental value of 0.42±0.13 m -1 . The lack of agreement in magnitude is exacerbated in Case II (lower / and ′ ) where a peaking factor of about 1.9 m -1 is found. It is also noted that the values of and change significantly in all three cases, however the ratio of the two terms remains approximately constant. In summary, the modification of the diffusivity by additional heating is thought to be negligible when the dominant turbulent mode propagates in the ion diamagnetic direction. Conversely, it appears that there is no clear relation between the direction of the convective velocity and the propagation direction of the most unstable turbulent mode. A reversal of pinch direction by additional heating which provides a hollow profile of impurities has been observed when dominant mode was TEM with ECH [11] or ICRH [7] . However, an exceptional observation, the pinch reversal by ICRH under ITG environment case [10] , has also been reported. Further studies on a condition for pinch direction reversal need to be conducted, since an outward convection of impurities is the key to suppress and control of the core accumulation of impurity. For quasi-linear peaking factor calculation results, although a good agreement between the quasi-linear and SANCO peaking factor is found in the discharge without ECH, the lack of change in the quasi-linear peaking factor when the temperature, density and toroidal rotation gradients are altered to match the plasma response to ECH in H-mode suggests that further investigation into the gyrokinetic particle flux is also required. In particular, when the turbulent mode remains dominantly ITG during additional heating, a discrepancy between gyrokinetic calculation and experiments has been reported [10] like our study.
Summary
Experiments with trace injections of Ar gas have been conducted in KSTAR H-mode discharges with and without ECH to investigate effects of additional heating on Ar impurity transport and its accumulation. The experiments are implemented by changing the heating power of ECH, while measuring the temporal Ar line intensities from the VUV and XICS signals. ECH reduced the Ar 15+ emission and increased the Ar 16+ emission. Both of these trends were amplified with increasing heating power.
These observations were interpreted in terms of the Ar particle diffusivity and convective velocity coefficients using the SANCO impurity transport code. Applying ECH did not significantly change the Ar diffusivity outside the fitting error bars, but did cause a reduction in the inward convective velocity within the plasma core. This change in transport therefore lowered the peaking factor / and reduced the amount of Ar within the heating position ( / = 0.3). It is noted that the direction of the convective velocity around the heating position was inward in both ECH and non-ECH plasmas; it did not reverse with ECH as shown previously in KSTAR L-mode plasmas [11] .
The NEO and GKW codes were used to calculate the flux surface averaged neoclassical particle flux and quasi-linear Ar peaking factor, respectively. From this it was shown that the neoclassical transport coefficients were 3 to 10 times smaller than the SANCO results regardless of ECH power. Local flux-tube electrostatic calculations by GKW firstly showed that ITG was the dominant turbulent mode at / = 0.3 for every case. This result is consistent with previous experiments [26] that found negligible changes in diffusivity when the turbulent modes propagate in the ion diamagnetic direction. This also suggests that TEM turbulence is more effective at enhancing the impurity diffusivity and hence reducing the core accumulation. The flux surface averaged Ar peaking factor was calculated by adopting a quasi-linear approach and was found to agree within the experimental error for the non-ECH case, but overestimated the peaking factor for the ECH case.
In conclusion, this study has demonstrated that off-axis ECH reduces the core Ar accumulation in KSTAR H-mode plasmas by reducing the core inward convection. Further experiments scanning the heating position of ECH and injecting different impurities, such as Kr and W, will be conducted in KSTAR to clarify the experimental conditions required to minimize the core impurity accumulation using ECH, with particular focus on the direction of the convective velocity.
